Current perspectives

Primary immunodeficiencies may reveal potential infectious
diseases associated with immune-targeting mAb treatments

Laszl6 Marédi, MD, PhD,? and Jean-Laurent Casanova, MD, PhDP® Debrecen, Hungary, New York, NY, and Paris, France

mAbs directed against immunologic molecules have emerged as
a new class of drugs for treating patients with various
immunologic conditions. However, mAb-based treatments may
confer a predisposition to various infections. The authors argue
that infections in individuals treated with mAbs directed
against molecules of the immune system may display some
similarities to those in patients with primary immunodeficiency
of the corresponding mAb target. A comprehensive dissection
of the tremendously diverse human primary
immunodeficiencies and the careful description of their clinical
features in different populations living in diverse environments
thus represents an original, neglected, but promising approach
to assessing the potential risk of infection associated with
therapeutic mAbs, or with any therapeutic compound inhibiting
a specific immunologic molecule. (J Allergy Clin Immunol
2010;126:910-7.)
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Many therapeutic mAbs target molecules involved in innate
and adaptive immune responses.l‘3 They are used to treat patients
with various immunologic conditions, including inflammatory
and autoimmune diseases and hematologic malignancies. How-
ever, inhibiting the production or blocking the function of these
targeted molecules may create an immunodeficiency, exposing
the patient to a risk of infectious adverse events.”® This risk is
particularly great when the cell subsets carrying the targeted mol-
ecules are depleted.® We argue here that primary immunodefi-
ciencies (PIDs) may be predictors of adverse effects of mAbs,
including infectious diseases in particular.

Primary immunodeficiencies are inborn errors of immunity,
typically inherited as monogenic traits.” Over the past decade, ad-
vances in research on PIDs have shed unexpected light on the ba-
sic mechanisms of the development and function of the immune
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Abbreviations used
APS-1: Autoimmune polyendocrine syndrome type 1
BAFF: B-cell-activating factor
BAFF-R: B-cell-activating factor receptor
HIES: Hyper-IgE syndrome
HSE: Herpes simplex virus encephalitis
HSVI1: Herpes simplex virus 1
IFN-yR: IFN-y receptor
IkBa: Inhibitor of NF-«kB-a
IL-1R: IL-1 receptor
IL-12RB1: IL-12 receptor 1
IRAK: IL-1 receptor—associated kinase
JAK: Janus-associated kinase
MS: Multiple sclerosis
MSMD: Mendelian susceptibility to mycobacterial disease
MyD88: Myeloid differentiation factor 88
NEMO: Nuclear factor-kB essential modulator
NF-«kB: Nuclear factor-kB
NTM: Nontuberculous mycobacteria
OKT3: Murine monoclonal antihuman CD3 antibody
PID: Primary immunodeficiency
PML: Progressive multifocal leukoencephalopathy
RA: Rheumatoid arthritis
STAT: Signal transducer and activator of transcription
T: Transitional
TLR: Toll-like receptor
VLA4: Very late antigen 4

system. The genetic defects that cause PIDs can affect the expres-
sion and function of proteins involved in various biological pro-
cesses, such as immune development, effector-cell functions,
signaling cascades, and the maintenance of immune homeosta-
sis.'? The number of identified PID-causing genes is rapidly in-
creasing because of both the investigation of new phenotypes
and the genetic dissection of well known phenotypes.’

It has been clearly demonstrated that autoimmunity to certain
molecules precisely matches the clinical phenotype of inborn
errors of the corresponding gene product or a closely related gene
product. For example, pulmonary alveolar proteinosis caused by
autoantibodies against GM-CSF mimics GM-CSF receptor defi-
cif:ncy.g’9 Similarly, mycobacterial infections caused by autoanti-
bodies against [FN-y mimic IFN-vy receptor (IFN-yR) deficiency
and IL-12p40 and IL-12 receptor 31 (IL-12R31) deficiencies, in
which IFN-v induction is impaired. 10-13 Similarly, chronic muco-
cutaneous candidiasis has been found in patients lacking IL-17—
producing T cells because of mutations in signal transducer and
activator of transcription (STAT)-3,' patients with autoanti-
bodies against IL-17 cytokines, and patients with autoimmune
polyendocrine syndrome type 1 (APS-1) caused by mutations in
the autoimmune regulator gene (AIRE).">'® If autoimmune
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conditions involving the production of antibodies against immuno-
logic components are similar to diseases caused by inborn errors of
immune-associated genes, then there is every reason to believe that
therapeutic mAbs may mimic these and other PIDs. Thus, the pro-
longed use of any mAb may result in a clinical syndrome resem-
bling that of the corresponding (mutation in the target gene) or a
related (mutation in a gene encoding a molecule closely related
to the target) PID. This is clearly exemplified by infections occur-
ring in patients on mAb treatment directed against CD20.*°
However, there are important differences to consider when
comparing patients with PID with those treated with mAbs. First,
patients with PID have congenital defects—inborn errors of
immunity—leading to immunodeficiency (and susceptibility to
infection) from birth onward, whereas patients treated with mAbs
are typically adults or, more rarely, children, with a fully
competent immune system before mAb therapy. Second, the
defects in PIDs may affect all cells and are typically complete,
whereas the impact of mAbs may be restricted to certain cells and
tissues and may not abolish the function of the molecule targeted.
This situation is more reminiscent of the consequences of
hypomorphic mutations, which typically cause mild variants
of classic PIDs. Third, patients with PID usually display defects
of multiple immunologic pathways, whereas mAb treatment
targets a single pathway, making mechanistic extrapolation
from PID phenotypes to mAb treatment difficult in some situa-
tions. For these reasons, the clinical outcome and phenotypic
expression of many PIDs are likely to be more severe than
observed in mAb-treated patients. Finally, there are a number of
confounding factors (disease stage, immune status, duration of
treatment, concomitant medication, age, ethnicity, endogenous
levels of infectious agents, environmental exposure to infectious
agents, and so forth) that may be unique to patients treated with
mAbs or different between mAb-treated patients and those with
PIDs. Despite these potential limitations, we believe that PIDs
may be useful for identifying potential infectious hazards in
patients treated with mAbs, and that important associations can be
established to guide clinicians as concerns the pathogens to be
monitored in mAb-treated patients or in clinical studies.

ANTIBODY THERAPY TARGETING LYMPHOCYTES
mAbs against CD20

The first connection between PIDs and mAb treatment was
provided by B-cell-targeted mAb therapy. CD20 is a lineage-
specific marker expressed by most mature B cells and involved in
B-cell activation.!” CD20-specific mAbs have been approved for
the treatment of B-cell tumors and various B-cell-dependent au-
toimmune and inflammatory disorders, such as SLE and rheuma-
toid arthritis (RA).*"” They have also recently been shown to be
effective in patients with refractory, severe, chronic Henoch-
Schonlein purpura.'® Several mechanisms, including antibody-
dependent cellular cytotoxicity, complement-mediated lysis,
and cell apoptosis, contribute to the robust B-cell depletion in-
duced by treatment with antibodies against CD20.'"-'" However,
one undesirable consequence of this treatment is that patients de-
velop prolonged B-cell depletion resulting in antibody deficiency
and potential infectious complications.'**° This clinical effect of
B-cell depletion reaches a plateau after 12 to 16 weeks, and
the number of circulating B cells remains low for 6 to 12
months.'”*"*? Adjuvant rituximab therapy was associated with
a significantly higher incidence of hypogammaglobulinemia
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between 12 and 24 months after autologous bone marrow trans-
plantation.20 Data from 356 hemato-oncology patients treated
with anti-CD20 mAb showed an overall incidence rate of 30%
for various infections and a mortality rate of 2%.%** Antibody-
mediated immunosuppression is unlikely to be solely responsible
for infections, because this comparison was made in patients that
already had an increased risk of infection. Thus, PIDs identify po-
tential infectious hazards in mAb-treated patients.

The frequency of bacterial infections in patients treated with
CD20-specific antibodies is particularly high when the interval
between mAb injections is short or a high dose of mAb is
injected.?**> Severe enteroviral diseases, which are typically seen
in agammaglobulinemic patients,' have also been diagnosed in
several patients treated with CD20-specific mAbs, and some of
these patients were successfully treated with immunoglobulin re-
placement therapy.”®~° Enteroviral diseases have not been diag-
nosed in patients treated with other mAbs. These observations
highlight the importance of both the close monitoring of infec-
tious diseases and the administration of regular infusions of IgG
preparations to patients treated with anti-CD20 antibodies.

Rituximab was initially developed for the treatment of non-
Hodgkin lymphoma and has subsequently been approved as a B-
cell-directed therapy for RA; it is also increasingly used off-label
for the treatment of patients with various autoimmune diseases."”
Ocrelizumab, a humanized anti-CD20 antibody investigated in a
phase II study for the treatment of RA, is much less antigenic than
rituximab, a major advantage in this context. In addition to anti-
CD20 antibodies, a number of other B-cell-directed therapies,
such as anti-CD22 antibody (epratuzumab),31 decoy receptor,
the transmembrane activator and calcium modulating ligand
interactor-immunoglobulin fusion protein (atacicept),’> and
anti—B-cell-activating factor (BAFF), have been tested in sev-
eral autoimmune diseases.

mAbs against BAFF

BAFF-BAFF-receptor (BAFF-R) signaling plays a key role in
the transition from immature transitional (T)-1 to T2 B cells and,
therefore, in the generation of mature B cells in the spleen.*
BAFF also plays a crucial role in the survival and maintenance
of mature B cells.** Mice deficient in BAFF or BAFF-R have
an almost complete lack of follicular and marginal zone B cells
because T1 to T2 differentiation is blocked.**> Biological activ-
ity was demonstrated for a new approach for blocking BAFF—
BAFF-R signaling with a fully humanized anti-BAFF in early
clinical trials for RA and SLE.!” However, low immunoglobulin
levels and B-cell counts were reported in this study. These adverse
effects may have resulted in an increase in the risk of infection
with bacterial and viral agents.

Murine monoclonal antihuman CD3 antibody
treatment

Pan-T-cell—depleting agents with a broad spectrum of activ-
ity, including murine monoclonal antihuman CD3 antibody
(OKT3), have been used for induction therapy in kidney and
liver transplantation and for the treatment of steroid-resistant
rejection episodes.3° In a recent study, 8 of 43 recent renal trans-
plant recipients (18.6%) developed severe bacterial infections and
1 patient (2.3%) was diagnosed with cytomegalovirus infection,
indicating that OKT3 therapy may be associated with a potential
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risk of infection in transplant patients.>® The development of
EBV-induced lymphoproliferative disorders in patients treated
with OKT3 is well documented.*”*® The T-cell depletion induced
by OKT?3 or another pan-T mAb may mimic PIDs involving func-
tional T-cell deficiency or defects of T-cell development.39

mAbs against CD40 ligand (CD154)

Costimulatory signals, including the CD40 ligand (CD40L)/
CD40 pathway, are critical for optimal T-cell activation and B-
cell isotype switching.40 CD40, a member of the TNF receptor su-
perfamily, is expressed on resting B cells, macrophages, and den-
dritic cells, whereas CD154 is expressed only T cells, after antigen
encounter and cell activation.***’ Several attempts have been made
to block the CD154/CD40 pathway in rodents and nonhuman pri-
mates.*’** However, unanticipated thromboembolic complica-
tions led to the halting of clinical trials of anti-CD154 mAbs.
The successful blockade of CD40L probably mimics X-linked
hyper-IgM syndrome and may result in severe complications,
such as infections with Prneumocystis jirovecii and other opportun-
istic pathogens, and neuroendocrine carcinoma.

mAbs against CD52

Alemtuzumab is a humanized mAb directed against CD52,
which is expressed by differentiated lymphocytes and mono-
cytes.!” Treatment with this mAb leads to a rapid and prolonged
CD4" T-cell lymphopenia, resulting in cellular immunodefi-
ciency and hypogammaglobulinemia. The possible use of this
mADb for treating autoimmune diseases has been little explored
because of its severe adverse effects, including the high risk of
infection and cancer observed during initial clinical trials.*®

Blockade of the T,,17 pathway

Tul7 cells have been proposed as a new subset of Ty cells, in
addition to Tyl and T2 cells.*” These cells are thought to be in-
volved in host defense against various microorganisms and fungi.
Tul7 cells typically produce the IL-17A and IL-17F cytokines
and have been implicated in the pathogenesis of autoimmune
and inflammatory diseases, including RA. Recent studies in
mice have suggested that IL-17 (and GM-CSF) blockade may
suppress chronic destructive arthritis in animals no longer respon-
sive to TNF-a antagonists.48 However, such treatment may in-
crease the risk of infection, because patients with the sporadic
and autosomal-dominant forms of hyper-IgE syndrome (HIES),
characterized by severe IL-17 depletion, are particularly suscep-
tible to staphylococcal infections and candidiasis.*’ Furthermore,
patients with APS-1 also display chronic mucocutaneous candidi-
asis.”™>! We and others have recently shown that most patients
with APS-1 have a high titer of neutralizing autoantibodies
against IL-17A, IL-17F, and IL-22, in addition to antibodies
against type 1 IFNs.">'¢ The clinical consequences of the produc-
tion of autoantibodies against T,17-associated cytokines may be
similar to IL.-17 depletion in HIES and may account for the high
frequency of candidiasis in patients with APS-1.°%%" Treatment
with mAbs against IL-17 may therefore be a double-edged sword,
and careful monitoring of side effects is required in patients
receiving this biological treatment, paying particular attention
to mucocutaneous infections caused by staphylococci and
Candida.”* 1t should be noted, however, that patients with HIES
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have immune defects other than impaired IL-17 production,
such as impaired chemotaxis of neutrophils and low levels of
IFN-vy production by T cells.

Antibodies targeting very late antigen 4

A therapeutic mADb has been developed against the a4 chain of
the very late antigen 4 (VLA4) integrin molecule, which controls
lymphocyte extravasation into the central nervous system.53 In
monotherapy, this mAb proved effective for the treatment of
relapsing-remitting multiple sclerosis (MS), but it was with-
drawn temporarily from the market because progressive multifo-
cal leukoencephalopathy (PML) was detected in a number of
patients treated with this mAb.>* No PML had been reported in
patients with MS before the introduction of this mAb, suggesting
a causal relationship. PML is a fatal neurodegenerative disorder
caused by infection with a polyomavirus (polyomavirus JC vi-
rus), resulting in damage to myelin-producing oligodendrocytes
and demyelinization.”®> No primary a4 deficiency that might
help to explain the possible relationship between VLA4 blockade
and reactivation of polyomavirus JC virus in patients with MS
has yet been identified.

THERAPEUTIC TARGETS OF THE INNATE IMMUNE
SYSTEM

Most of the recently developed mAbs target components involved
primarily in innate immunity. We therefore discuss how inborn
errors of innate immunity may be mimicked by mAb treatment.

TNF inhibitors and genetic defects of TNF-mediated
immunity

TNF is a key mediator of acute and chronic inflammatory
responses (Fig 1). The past 10 years have seen TNF become a tar-
get for the treatment of various chronic inflammatory diseases in
both adults and children.’®>” TNF-blockade may be achieved
with anti-TNF mAbs or soluble TNF receptors (Fig 1; Table I).
However, patients treated with mAbs may become particularly
susceptible to general infections and display the reactivation of
previously acquired agents of disease, such as Toxoplasma gondii,
Mpycobacterium tuberculosis, and environmental nontuberculous
mycobacteria (NTM) in particular.*>°%° In a large epidemio-
logic study of 5596 patients with RA treated with TNF-a antag-
onists, 37 infections occurred per 100 patient years versus 29
infections in the controls.’ Intriguingly, the risk of tuberculosis re-
activation posed by TNF-a antibodies appears to be greater than
that in patients treated with soluble TNF receptors.®”

No PID affecting the TNF-a cytokine or its receptor has yet
been identified, but these infections were predicted by the mouse
model, in which TNF-a is a key cytokine against M tuberculo-
sis.%! Moreover, these infections resemble those observed in
PIDs affecting nuclear factor-kB (NF-kB) essential modulator
(NEMO) and inhibitor of NF-kB-a (IkBa), in which cellular re-
sponses to TNF and other cytokines are irnpaired.62 Mutations af-
fecting NEMO and IkBa confer a predisposition to severe
mycobacterial disease in addition to various bacterial, fungal,
and viral diseases.®? Infections in patients with NEMO and
IkBa mutations result from a wide-ranging immunologic deficit,
with the genetic defect also affecting pathways other than the
TNF pathway. This impairment of other pathways, such as the
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FIG 1. Interplay of innate immune responses and blocking of innate immunity by mAbs treatment. Mono-

nuclear phagocytes (MNPs) secrete TNF-a after stimulation with IFN-vy, bacterial LPS, and viruses. TNF-a in-
duces the secretion of proinflammatory cytokines, including IL-18 and IL-6, by MNPs (right). TNF receptor
initiates the inhibitor of NF-kB (/kB) cascade, which leads to the activation of gene transcription and the pro-
duction of inflammatory cytokines (bottom). Binding of ligands to the IL-1B receptor or the TLR (T/IR)domain
leads to binding of MyD88 and IRAK (right). Next, IRAK-4 dissociates from the receptor-adapter complex
and binds TNF receptor-associated factor (TRAF)-6, thereby activating the NF-kB pathway, resulting in
gene transcription and the production of inflammatory mediators. MNPs also produce the natural antago-
nist IL-1Ra (right). mAbs directed against cytokines or cytokine receptors are indicated in red, and the
corresponding PIDs are shown in green. AR, Autosomal-recessive; IKK, inhibitor of kB kinase, MAPK,
Mitogen-activated protein kinase; NK, natural killer; RIP, receptor interacting protein; SAP, stress-activated

protein; T, T cell; TRADD, TNF-receptor-associated death domain.

induction of IL-12 by CD40, may also contribute to the develop-
ment of mycobacterial disease in these patients (Figs 1 and 2).%% Al-
though these PIDs are not specifically associated with defects in
TNF-a orits receptor, they may be useful for assessing the potential
increase in the risk of infectious diseases associated with TNF-
specific antibodies. The lower incidence of Mycobacterium tuber-
culosis infection in patients receiving anti-TNF treatment than in
PID patients suggests that PID attacks more complex pathways
than are affected in patients treated with TNF-specific mAbs.

IL-1 blockade and primary defects of the
IL-1 receptor-associated kinase pathway

Human anti-IL-13 mAb has been approved for use in the
treatment of cryopyrin-associated periodic syndrome and

Muckle-Wells syndrome.(’4 IL-1 can also be inhibited by treat-
ment with anakinra, a soluble recombinant IL-1 receptor (IL-
IR; Fig 1).% However, immunotherapy targeting IL-13 may
be associated with a risk of adverse infectious events. These
events may include invasive pyogenic infections, as observed
in IL-1 receptor—associated kinase (IRAK)—4 and myeloid dif-
ferentiation factor 88 (MyD88) deficiencies (Fig 1; Table I), both
of which impair Toll-like receptor (TLR) and IL-1R pathways
(including responses to IL-1, IL-18, and IL—33).66’67 It is cur-
rently difficult to establish a direct link between anti—IL-f3
mAD treatment and IRAK4 or MydD88 deficiency because these
deficiencies abolish signaling through multiple members of the
IL-1R and TLR families. However, the discovery of patients
with primary IL-1 or IL-1R deficiency would make it possible
to address this issue and to assess the infectious risk associated
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TABLE I. Immunologic targets and the therapeutic mAbs considered in this review and their corresponding PIDs

Target molecule Target cell Generic name (trade name) Corresponding PIDs
CD20 B cells Rituximab (MabThera) X-linked and AR agammaglobulinemia
TNF-a MNP Infliximab (Remicade) .
Adkifiim (Humira)} NF-kB essential modulator
Certolizumab (Cimzia) Inhibitor of NF-«kB kinase-a
TNF-aR MNP Etanercept (Enbrel)
IL-1B8 MNP Canakinumab (Ilaris) IRAK4, MyD88
IL-1R MNP Anakinra (Kineret)
IFN-a All NA STAT1 (AR), TYK2, UNC-93B, and TLR3
IL-6 receptor All Tocilizumab (Actemra) Not yet defined
IFN-y MNP Fontolizumab (HuZAF) IFN-yR1, IFN-yR2, and STAT1 (AD)
IL-12 p40 MNP Ustekinumab (Stelara) IL-12p40, IL-12RB1
VLA4 Lymphocytes Natalizumab (Tysabri) Not yet defined

AD, Autosomal-dominant; AR, autosomal-recessive; MNP, mononuclear phagocyte; NA, not applicable; TYK2, tyrosine kinase 2.
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FIG 2. Schematic representation of primary deficiencies and mAbs targets of the IL-12—-IL-23-IFN-y circuit.
Phagocytic uptake by mononuclear phagocytes (MNPs) is accompanied by the release of IL-12 and IL-23,
which share the p40 component and bind to the same receptor. Receptor binding initiates signaling and
stimulates the production of IFN-y by natural killer/T cells. IFN-y homodimers then bind to the IFN-yRa chain
and initiate signaling through the IFN-yRB associated with JAK1 and JAK2. Cross-phosphorylation gener-
ates docking sites for STAT1, which, after phosphorylation, forms active homodimers. Active STAT1 homo-
dimers are translocated to the nucleus, where they promote the transcription of genes with IFN-stimulated
response elements (ISRE). mAbs directed against cytokines or cytokine receptors are indicated in red, and
the corresponding PIDs are shown in green. AD, Autosomal-dominant; CRG, cytokine responsive gene;
GAF, gamma-interferon activation factor.

with treatment based on the use of mAbs targeting these mole-
cules. This hypothesis is supported by the observation that the
risk of infection with gram-positive bacteria is no higher than
normal in patients treated for up to 5 years with canakinumab
(Ilaris, Novartis, Cambridge, Mass). However, a recent meta-
analysis of 4 clinical trials revealed that patients with RA treated
with high doses of anakinra had a higher risk of severe infec-
tions, including pneumonia, osteomyelitis, and cellulitis.®®

Antibody blockade of IL-6

The inflammatory cytokine IL-6 is produced by various cells in
response to stimulation with TNF, IL-1, or bacteria.®® Antibodies
against human IL-6 or its receptor (tocilizumab) have recently
been approved for use in the treatment of patients with RA and
other inflammatory diseases.”” No PIDs of IL-6 or its receptor
have been described to date, but particularly high levels of IL-
6—specific autoantibody production have been observed in a
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patient with recurrent staphylococcal cellulitis and subcutaneous
abscesses.’' Monitoring for infectious complications, particularly
those caused by staphylococci, is therefore probably worthwhile
in patients on IL-6-blocking mAb treatment. The identification of
patients with IL-6 and IL-6 receptor deficiencies is awaited to
allow firm conclusions to be drawn.

Phenotypes of PIDs and possible adverse effects of
anti-IFN type | antibodies

Type I IFNs (IFN-a/) mediate early innate antiviral responses
through binding to their receptor, which initiates the Janus-
associated kinase (JAK)/STAT signaling pathway (Fig 1). Type I
IFNs are overproduced in patients with SLE, and phase I trials are
currently underway to evaluate the safety of IFN-a—specific mAb
treatment for this autoimmune disease.’*’> Careful monitoring of
the adverse effects of these mAbs is important because PIDs af-
fecting IFN responses are known to result in susceptibility to a
broad range of viral infections, including herpes simplex virus
1 (HSV1) infection of the skin and central nervous system.”’75

Primary defects of the UNC93B-dependent and TLR3-
dependent pathway have also been reported to impair immunity
to primary infection with HSV1 and to predispose children to
HSV1 encephalitis (HSE), the most common sporadic viral en-
cephalitis in Western countries.”®’” UNC93B is an endoplasmic
reticulum protein involved in signaling through TLR3, TLR7,
and TLR9.”® Recent reports suggest that mutations in
UNC93B1 or TLR3 may result in the impairment of IFN-a/[3 pro-
duction after TLR3 stimulation.”®”” There is no induction of any
cytokine downstream from these receptors, but we know that the
only symptomatic defect is a lack of IFN-a/f3 and IFN-\ induc-
tion because of the similar phenotype of STAT 1-deficient patients
(ie, those with HSE) who do not respond to these IFNs but do re-
spond to other cytokines. IFN-a/f3 (or TLR3) blockade would
therefore be expected to result in an increase in viral susceptibil-
ity, including HSE, particularly in patients who have not yet been
infected with HSV1. The risk is probably lower in individuals
previously infected with HSV-1 because the TLR3-IFN pathway
appears to be important for immunity to primary but not latent
HSV-1 infection in the central nervous system. This hypothesis
is supported by the observation that STAT1-deficient patients
are prone to HSE and do not respond to IFN-o/, IFN-\, IFN-
v, and IL-27. However, IFN-yR—deficient patients are not vulner-
able to HSE. In addition, TLR3/UNC93B-deficient patients
produce IL-27 normally but do not produce IFN-a/f3 and IFN-
\. There may be other viral risks, but these remain to be identified
because we have identified only a few STAT1-deficient and
TLR3/UNC93B-deficient patients to date.

Antibody therapy targeting the IL-12-IL-23-IFN-y
circuit

Mendelian susceptibility to mycobacterial disease (MSMD) is
a group of innate genetic disorders characterized by susceptibility
to infections caused by weakly virulent mycobacteria, such as
BCG and NTM, in otherwise healthy individuals.>®*"*> Muta-
tions in genes involved in the IL-12-IL-23-IFN-vy circuit have
been implicated in MSMD (Fig 2).>° In addition, high-titer
anti—IFN-v antibodies have been identified as pathogenic factors
in patients with severe NTM infections.'®'? These observations
not only reinforce the links between PIDs and autoimmunity
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but also reveal the value of “experiments of nature” for predicting
the possible side effects of mAbs against IFN-y, which were
recently studied in patients with Crohn disease.”” Although in-
creased susceptibility to mycobacteria was not observed in a re-
cent phase II clinical trial of this mAb, which found tolerability
to be favorable, further studies to assess its safety are warranted.””

Novel biological strategies are being developed for treating
patients with psoriasis because several cytokines, including IL-12
and IL-23, have been implicated in the pathogenesis of this
chronic inflammatory skin disease. The short-term clinical effi-
cacy of mAbs against the p40 subunit of IL-12 and IL-23 for the
treatment of plaque psoriasis has been demonstrated (Fig 2).%°
The clinical presentation of patients with genetic IL-12p40 defi-
ciency (and IL-12RB1 deficiency)®'®? suggests that MSMD and
Salmonella infection are possible complications of long-term
treatment with antibodies against IL-12 p40 (or IL-12Rf1). Other
infectious diseases, more rare in patients with these PIDs, might
also occur in those treated with such mAbs. Two young patients
with inborn errors of the IL-12-IL-23-IFN-vy circuit and very un-
usual cancers, in terms of both age of onset and severity, have re-
cently been reported,®*** suggesting that predisposition to cancer
should be carefully monitored in patients receiving mAbs against
IL-12p40, IL-12RB1, or IFN-y.

In conclusion, PIDs may teach us about the potential adverse
effects of mAbs, especially the increasingly recognized PIDs af-
fecting innate immunity. Adverse effects of mAbs, infectious in
particular, appear to be an increasingly recognized risk. By con-
trast, the infectious diseases associated with PIDs actually led
to the discovery of PIDs. Although there is currently only modest
evidence that PIDs may be seen as predictors of adverse infectious
diseases in patients treated with mAbs, it seems both prudent and
reasonable, in the patients’ best interest, to consider that they may
be so. This may apply to other treatments, such as small chemical
inhibitors or intracellular molecules involved in immunity, such
as IRAK4.%5%¢ The existing evidence is consistent with this pre-
diction, as discussed. Animal models may also be good predic-
tors, as exemplified by TNF-deficient mice, which clearly
predicted the mycobacterial disease documented in patients trea-
ted with TNF-specific mAbs. In any event, we merely aim to draw
the attention of clinicians and practitioners, the pharmaceutical
industry, and regulatory agencies to the potential contribution
of the field of PIDs to the detection and management of potential
infections in patients receiving therapeutic mAbs.

The treatment of immunologic diseases with mAbs has been
made possible by advances in molecular engineering within the
biotechnology and pharmaceutical industries. The agents devel-
oped are target-specific, and their mode of action is usually immu-
nologically well defined, making it possible to anticipate potential
side effects, such as specific infectious complications in patients
receiving these mAbs. Conversely, unpredictable infectious ad-
verse events may be so severe that they necessitate the temporary
withdrawal of the mAb concerned, as was the case for mAbs
against VLA4. Natalizumab (Tysabri, Biogen Idec, Weston,
Mass) is now back on the market as a monotherapy. Other side ef-
fects may be foreseen by analyzing PIDs, which, like autoimmune
syndromes in which antibodies against immune system molecules
are produced, are “experiments of nature” providing useful in-
sight. The risk of infectious complications may vary significantly,
depending on the nature of the underlying disease against which
biological agents are used and other concomitant treatment. The
side effects of mAbs may also differ between populations, further
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highlighting the need for the public and private sectors to work to-
gether in research and for physician education and research col-
laboration programs.®”®’ Such research should be funded by
both public research organizations and pharmaceutical compa-
nies, given the increasing number of new therapeutic mAbs enter-
ing clinical trials. Research into rare PIDs, by improving our
understanding and prediction of the infectious adverse effects
of therapeutic mAbs, may have a considerable public health
impact.

We thank Melinda Erdés for her help with artwork for this article.
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